Rotational transitions from seven low-lying vibrational states of HCCN and five low-lying vibrational states of DCCN have been detected in the frequency range from 100 to 400 GHz with a sensitive millimeter-wave spectrometer. The CCH bending states 5 Ϯ1 , 2 5 Ϯ2 , and 3 5 Ϯ3 , and the CCN bending state 4 Ϯ1 have been assigned. In addition, transitions from three vibrational states in HCCN and one in DCCN with zero orbital angular momentum ͑l͒ were also detected. These states in all likelihood originate from the three lowest lϭ0 excited states, i.e., ( 4 ϩ 5 ) Ϫ0 , ( 4 ϩ 5 ) ϩ0 , and 2 5 0 . Analysis of the high-accuracy millimeter-wave frequency data establishes that HCCN is not a near-rigid bent molecule and intensity measurements confirm that the CCH bending states are much lower in energy than in typical well-behaved linear molecules. The low barrier to linearity in HCCN and DCCN of ϳ235 cm Ϫ1 , estimated from intensity measurements and the ab initio calculations of Malmquist et al. ͓Theor. Chim. Acta 73, 155 ͑1988͔͒, confirms that HCCN is quasilinear.
I. INTRODUCTION
The ground state structure of the HCCN radical ͑cya-nomethylene͒ remains poorly understood, despite more than ten experimental investigations during the past thirty years ͑see Malmquist et al. 1 for a critical review͒. Matrix isolation electron paramagnetic resonance ͑EPR͒ spectroscopy by Bernheim et al. [2] [3] [4] and Wasserman et al. 5 established that HCCN has a triplet electronic ground state, but it was difficult to determine from the EPR spectrum whether HCCN is linear or bent, although an upper limit on the spin-spin anisotropy parameter E was regarded as compelling evidence that it is linear.
Cyanomethylene was first detected in the gas phase by Merer and Travis in 1965. 6 It was not until 1984, however, that the ground state spectrum was first analyzed by Saito et al. 7 who observed the pure rotational spectrum at millimeter wavelengths. From the apparent absence of K-type satellite transitions and the good fit of the data to a 3 ⌺ Hamiltonian, they concluded that HCCN was linear, in agreement with earlier EPR matrix studies. Six years later, Brown et al. 8 found that the substitution (r s ) structure had an anomalously short C-H bond length of 0.998 Å, and concluded that this was the result of a large amplitude motion of the CCH bending vibration-with the implication that HCCN is quasilinear. Recently, Endo and Ohshima 9 measured the hyperfine coupling constants for both the proton and nitrogen nucleus by Fourier-transform microwave spectroscopy; comparison with similar molecules seemed to support the conclusion that HCCN is nearly linear, although the possibility of a large amplitude bending motion could not be ruled out.
In seeming contradiction with experiment, quantum chemists have agreed unanimously since 1979 that HCCN is bent ͑see Ref. 10 and references therein͒. In 1989, Malmquist et al. 1 calculated at the CASSCF and CI levels that the CCH angle is 138°but that the barrier to linearity is low (350Ϯ175 cm Ϫ1 ). In the highest level calculation to date, using CCSD͑T͒ methods Seidl and Schaefer 10 estimated that the CCH angle is 142.3°and the bent-linear energy difference is 277 cm Ϫ1 . During the course of the present work, rotationally resolved IR measurements 11 of the 1 band and two hot bands, 1 ϩ 5 Ϫ 5 and 1 ϩ 4 Ϫ 4 , came to our attention. From the intensity of 1 ϩ 5 Ϫ 5 relative to 1 , Morter et al. 11 estimated that the energy of the 5 bending mode (187Ϯ20 cm Ϫ1 ) is intermediate between that of a well-behaved linear molecule and one that is bent, where linear molecule notation is used to designate the five vibrational modes in HCCN: 1 ͑CH stretch͒, 2 ͑CCN antisymmetric stretch͒, 3 ͑CCN symmetric stretch͒, 4 ͑CCN bend͒, and 5 ͑CCH bend͒. The terminology ''normal,'' ''well-behaved,'' or ''near-rigid'' are used interchangeably throughout to refer to a weakly distortable rigid rotator.
We report here the first observations of pure rotational transitions from the 5 Ϯ1 , 2 5 Ϯ2 , 3 5 Ϯ3 , and 4 Ϯ1 vibrationally excited states in both HCCN and DCCN, the latter state identified in our spectra on the basis of spectroscopic constants determined in the IR by Curl and co-workers. Millimeter-wave rotational transitions from three vibrational states in HCCN and one in DCCN with zero orbital angular momentum ͑l͒ were also detected. These states probably originate from the three lowest lϭ0 excited states, i.e., ( 4 ϩ 5 ) Ϫ0 , ( 4 ϩ 5 ) ϩ0 , and 2 5 0 . Analysis of the millimeter-wave frequencies with an asymmetric top Hamiltonian establishes that HCCN is not a near-rigid bent molecule and intensity measurements confirm that the 5 bending states are much lower in energy than in normal linear molecules. A low barrier to linearity in HCCN and DCCN of ϳ235 cm Ϫ1 , estimated by comparing our intensity-derived energies with those obtained from the ab initio plus perturbation calculations of Malmquist et al., confirms that HCCN is quasilinear.
II. EXPERIMENT
The millimeter-wave spectrometer used to detect the rotational spectrum of HCCN ͑Fig. 1͒ uses a phase-locked Gunn oscillator with or without a frequency multiplier as a signal source. The double pass absorption cell-a modified version of one described by Radford, Wei, and Sears
12
consists of two ͑15 cm long͒ reaction chambers, two ͑75 cm͒ glass pipes and a ͑20 cm͒ pumping tee. Reactive species, produced near the inlet ports in each arm by the reaction of F ͑or Cl͒ atoms with stable organic molecules, are removed by an 80 l /s Roots blower ͑Leybold WA250͒; estimated transit times are approximately 5-10 ms at typical cell pressures of a few mTorr.
Saito et al. 7 showed that the HCCN radical is produced in high concentration by abstracting two hydrogen atoms from methylcyanide via the reaction CH 3 CNϩF→ CH 2 CNϩHF, followed by CH 2 CNϩF→HCCNϩHF. In our cell, fluorine atoms, produced by flowing CF 4 through a microwave discharge cavity, reacted with methylcyanide introduced in the reaction chamber through inlet ports 90°apart. The cell was not cooled because the HCCN concentration decreased sharply on lowering the temperature, probably in part owing to the high activation barriers of hydrogen abstraction reactions. 13 Subsequently, the HCCN yield was improved by a factor of 3 when a 5% F 2 -in-He mixture was used instead of CF 4 . Solenoids surrounding each arm of the cell generated a longitudinal magnetic field of у50 G for Zeeman modulation.
Millimeter-wave radiation was generated either directly with Gunn oscillators ͑J. E. Carlstrom Co.͒ in the 70-145 GHz region, or with efficient frequency doublers, triplers, and quadruplers in the 140-400 GHz region. The Gunn oscillator phase-lock-loop circuit is similar to the klystron circuit previously employed by Mollaaghababa et al., 14 except that the 507 MHz reference oscillator was replaced by a low phase-noise 100 MHz oscillator, a low-noise amplifier, and a times 5 frequency multiplier. As Fig. 1 shows, the error amplifier, modified for the low voltage Gunn oscillator, also includes the bias control.
A computer ͑Macintosh IIfx͒ controls frequency sweeping of the millimeter-wave spectrometer, data acquisition and on-line analysis. The computer electronically steps the frequency synthesizer through the desired frequency range and, in a double-loop arrangement, supplies a correction voltage to the Gunn oscillator enabling it to remain phase-locked over a maximum frequency range of 400 MHz at the fundamental frequency ͑1.6 GHz when quadrupled͒. This doubleloop arrangement results in a significant increase in the width of wide frequency scans. Frequency modulation at 45 kHz with detection at the second harmonic of the modulation frequency significantly reduces 1/f noise and large amplitude standing waves that originate from unavoidable millimeterwave reflections. Spectra are displayed after removing remaining standing waves with a high-pass FFT numerical filter. Nonmagnetic background lines are also removed from the processed spectra by displaying the difference of successive spectra taken in the presence and absence of the dc magnetic field. Pressure-broadening is the major contributor to the linewidth; the line shapes are approximately the second derivative of a Lorentzian owing to the modulation and detection scheme employed.
Cyanomethylene was one of the first species observed with our new spectrometer system because its ground state spectrum was well characterized and it is readily produced by H atom abstraction from methylcyanide. In one of the first test experiments, we tuned to a transition of HCCN near 373 GHz and observed the spectrum shown in Fig. 2 . In addition to the presence of strong ground state rotational transitions, several other magnetic lines were observed owing to the high sensitivity. The pattern of lines is similar to the K a ϭ0 and K a ϭ2 transitions of a near-prolate radical with a small asymmetry splitting. Because of this evidence for nonlinearity we then performed a sensitive spectral survey covering a frequency range of Ϯ1% about the ground state lines, for 12 rotational transitions with N between 4 and 18 in the 100-400 GHz range, resulting in the first observations of pure rotational transitions from low-lying vibrationally excited states in HCCN. This data and its analysis are the subjects of the present paper.
III. RESULTS AND ANALYSIS
In all, approximately 265 transitions from the ground state and seven low-lying vibrationally excited states of HCCN from Nϭ4 to 18, and 220 transitions from the ground state and five low-lying vibrationally excited states of DCCN from Nϭ7 to 19, have been detected between 100 and 400 GHz. A typical calculated rotational transition of HCCN and DCCN showing the ground state and some satellite lines in the absence of spin-spin and spin-rotation interactions is shown in Fig. 3 . Rotational transitions in each vibrational state were assigned straightforwardly owing to the combination of spin-spin, spin-rotation, and K-type doubling interactions which provide a distinctive triplet fine structure splitting for each value of l, the orbital angular momentum about the a-inertial axis. Although the fine structure is dominated by the spin-spin dipolar term over much of the N range observed here, at the highest N values the spin-rotation interaction becomes increasingly important and the rotational assignments more apparent. Moreover, since transitions between levels with NϭJ were not fully modulated in our spectra, absolute assignments were easily made. Although K-type doubling was not resolved above Kϭ2, the 3 5
Ϯ3
state was assigned on the basis of the rotational, spin-spin, and spin-rotational constants. A complete list of the rotational transitions observed is available from the Physics Auxiliary Publication Service ͑PAPS͒ of the American Institute of Physics. 15 To fully determine the geometrical and vibrational structure of HCCN ͑see Sec. I͒, the millimeter-wave and IR data should be analyzed jointly with a semi-rigid bender Hamiltonian. 16 That approach, however, requires unavailable spectroscopic infrared data on other vibrational states that strongly couple to the CCH bend. Here, we confine our attention to the pure rotational data, and determine how well the Hamiltonians for an asymmetric top and for a linear molecule reproduce the HCCN spectrum. Ϯ2 and 3 5 Ϯ3 satellite transitions. Frequency modulation was used to suppress 1/f noise and Zeeman modulation was used as well to subtract nonmagnetic background lines. The line strengths of the three fine structure components are comparable, but transitions between levels with NϭJ were not fully modulated because the magnetic tuning coefficient is proportional to 1/N 2 ͑rather than 1/N for the N J levels͒ and the gas inlets, where most of the short-lived HCCN is produced, lie outside the solenoids.
FIG. 3. The
Nϭ17→18 rotational transition of ͑a͒ HCCN and ͑b͒ DCCN in the ground and low-lying vibrational states. For simplicity, the spin-spin and spin-rotation structure is not shown.
A. HCCN as a bent radical
The assumption that HCCN is near-rigid but bent can be justified on the grounds that the pure rotational spectrum closely resembles an asymmetric top pattern ͑see Sec. II͒ and ab initio calculations predict a bent structure. In practice, this is a useful assumption to make because, if valid, it would allow transitions in higher K a stacks to be predicted and fine structure interactions, neglected in the semi-rigid bender Hamiltonian, to be determined in free HCCN. Conversely, a breakdown in the analysis of high-accuracy frequency data might suggest that the barrier to linearity is comparable to the vibrational energy of the CCH bending motion.
The Hamiltonian used here is a synthesis of ͑i͒ the Watson S-reduced asymmetric top Hamiltonian, 17 which describes the rotational centrifugal distortion, ͑ii͒ the BrownSears Hamiltonian, 18 which describes the spin-rotation interaction, and ͑iii͒ the Raynes Hamiltonian 19 which describes the spin-spin interaction. Additional phenomenological spin-spin distortion terms ͑Table I͒ have been added. Because HCCN is at most a very slightly asymmetric top, the spin-rotation parameters (⑀ bb ϩ⑀ cc )/2 and (⑀ bb Ϫ⑀ cc ) were fit instead of the strongly coupled T͑⑀͒ tensor terms.
Because only a-type transitions were observed, the contribution of the A rotational constant to the K a -dependence of the asymmetry splitting in K a ϭ1,2,••• states appears in an energy denominator via ⌬K a 0 interactions. Consequently, A is strongly correlated with several fitting parameters; fits of similar quality can be obtained for values of A between 1500 and 4500 GHz, with compensating shifts in the magnitudes of the K a -dependent distortion terms. Therefore, the A rotational constant was constrained to 4350 GHz-the value derived to an estimated 10% from intensity measurements.
Rotational transitions from the K a ϭ0, 1, and 2 states of bent HCCN, which correlate, respectively, with the ground vibrational state and the 5 Ϯ1 and 2 5 Ϯ2 bending vibrations of linear HCCN, were least-squares fit to our effective Hamiltonian. The rotational transitions from the K a ϭ3 state were not fit owing to the large number of distortion terms needed to reproduce the lower K a data. In a fit to the K a ϭ0 data in which 5 parameters were varied, the rms ͑49 kHz͒ is close to Saito et al. ͑18 kHz; Ref. 7͒ who used a linear molecule 3 ⌺ Hamiltonian. In the fit to both the K a ϭ0 and 1 data, 14 parameters were required to reproduce the transition frequencies to a rms of 49 kHz. Finally, 21 parameters were used to fit the K a ϭ0, 1, and 2 data ͑Table I͒ to a rms of 67 kHzone parameter fewer than the total number required for adequate fits of each K a р2 stack to the linear molecule effective Hamiltonians discussed in Sec. III B.
It is apparent that the rotational spectrum of HCCN is not adequately described by an asymmetric top Hamiltonian. First, the need for a large number of centrifugal distortion and spin parameters indicates a very slow convergence of both the rotational and fine structure portions of the Hamiltonian. Second, the predictive power of the Hamiltonian is poor owing to the instability of the distortion terms when higher K a data are added step by step, meaning that the precise values of the parameters in Table I are probably not significant. For example, in a fit to the K a ϭ0 and 1 data, D NK is Ϫ2.1176(8) MHz, but in the complete K a ϭ0,1, and 2 fit, it is Ϫ2.7442(9) MHz-a shift of over 500 times the statistical uncertainty. As a result, predictions of the K a ϭ2 transitions from constants derived from the K a ϭ0 and 1 fit are in error by at least 60 MHz from the observed frequencies; for K a ϭ3 transitions, the predictions from constants derived from the K a ϭ0,1,2 fit differ from the data by at least 500 MHz.
This inadequacy of the asymmetric top description can be ascribed to several factors. sions tend to converge slowly owing to the extreme sensitivity of the least moment of inertia (I a ) to low-amplitude motions near linearity. For example, if the CCN chain in HCCN is assumed to be linear, I a changes by about a factor of 2 if the CCH angle departs by only 5°from the ab initio value 10 of 142°. Even though these low-amplitude motions are normally taken into account by introducing higher-order distortion terms in the Hamiltonian, transition frequencies for higher K a states ͑not included in the analysis͒ usually can be predicted accurately in well-behaved prolate tops even if the higher-order distortion terms are omitted. In HCCN the problem is acute because the bending motion is both anharmonic and of large amplitude 20 -the poor convergence of the power series in K a probably indicates that states with K a 0 are either comparable to ͑or exceed͒ the barrier to linearity, or that they interact with low-lying bending states. The present constants do not reliably predict transition frequencies from higher K a stacks: a new set of distortion terms is required for each additional K a stack, and it is nearly impossible to derive such phenomenological constants from the harmonic and anharmonic parts of the vibrational potential.
In view of the limitations of our effective Hamiltonian, it is difficult to estimate the reliability of the HCC angle and the spin parameters D and E determined from the fits. For example, the difference in the B and C rotational constants ͑Table I͒ implies that the HCC angle is about 147°, i.e., close to the theoretical estimate 10 of 142.3°, but the experimental estimate may be imprecise owing to the low barrier to linearity. The EPR matrix measurements 3 established that Dϭ0.8629Ϯ0.0003 cm Ϫ1 and the anisotropic part of the spin-spin interaction Eр0.001 cm Ϫ1 ; however, our measurements of gaseous HCCN yield Dϭ3␣ϭ0.8994Ϯ0.0002 cm Ϫ1 and Eϭ␤ϭ0.0283Ϯ0.0007 cm Ϫ1 . Although our value for the diagonal spin-spin coupling parameter D should be fairly accurate because it is determined solely from K a ϭ0 data, our value for E may be less so because it depends on K a ϭ1 data, and owing to the low barrier to linearity the effective spin-spin values in K a ϭ1 and K a ϭ0 may differ significantly. The need for higher-order spin-spin distortion terms may mean that the principal axes of the spinspin interaction tensor and the moment of inertia tensor do not coincide. It is also possible that the apparent discrepancies between the matrix and our gas-phase measurements of D and E can be attributed to perturbations of the molecule by the matrix and possible averaging effects due to nearly free rotation of the trapped molecule in the matrix ͑e.g., see Ref. 21͒ .
In DCCN the rotational spectrum is even further from that of an asymmetric top. As shown in Fig. 3b , compared with HCCN the centroid of the K a ϭ1 lines in DCCN is shifted to higher frequency with respect to the ground state line and the centroid of the K a ϭ2 lines is shifted to higher frequency with respect to the K a ϭ1 lines. Similar effects are observed 16 in the quasilinear molecules HCNO and DCNO. Owing to difficulties in fitting the HCCN rotational spectrum and the qualitative differences between the two spectra, no attempt was made to analyze the DCCN data with an asymmetric top Hamiltonian. Instead, we now proceed with a rotational analysis using different effective Hamiltonians for each state of a linear molecule.
B. HCCN as a linear radical
The HCCN ͑and DCCN͒ rotational data in seven vibrational states-three with zero orbital angular momentum ͑l ϭ0͒ about the a-inertial axis, two lϭ1 states, one lϭ2 state, and one lϭ3 state-were analyzed with standard effective Hamiltonians for a linear triplet radical. [22] [23] [24] The advantage of using a linear molecule analysis is that each rotational ladder can be fit independently, allowing accurate predictions of unobserved transitions within the ladder. Furthermore, for both HCCN and DCCN, it was possible to predict rotational transitions in higher n 5 bending states because the rotational constants B v are approximately related by
Other spectroscopic constants, such as the spin-spin and spin-rotation constants, etc., exhibited similar trends as a function of the CCH ͑or CCD͒ bending quantum number. Rotational energy levels for each vibrational state of HCCN are well described by Hund's coupling case ͑b͒ because the spin-orbit constant A SO is essentially zero in all l 0 states. After the lines were assigned, nonlinear least squares fits were performed. In all cases, the fits converged rapidly using the ground state molecular constants as initial guesses; the rms deviation was never more than 2-3 times larger than the measurement uncertainty ͑20-40 kHz͒. A distortion term q D was required to reproduce accurately the large K-type doubling in 5 Ϯ1 ; if q D was constrained to zero, the rms was about six times larger.
The ground vibrational state, 5 Ϯ1 , 2 5 Ϯ2 , and 3 5 Ϯ3 exhibit nearly monotonic changes in centrifugal distortion, spin-rotation, spin-spin, and spin-spin distortion constants with increasing l in HCCN ͑Table II͒. An increase in l from 0 to 1 increases D by about 1%, an increase from 1 to 2 by 2.5%, and an increase from 2 to 3 by 1.5%. The fine structure constants ␥ and each decrease by about 3-4% for each unit step in l, while B is nearly constant.
Rotational transitions from the second-lowest bending mode, 4 Ϯ1 , were detected with molecular constants close to those provided by R. F. Curl. 25 Although the magnitude of most of the molecular constants are similar to those of 5 Ϯ1 , a small, negative spin-orbit constant A SO was needed to fit the data. If A SO was fixed to zero the rms was about seven times larger.
All three vibrationally excited lϭ0 states of HCCN are well described by 3 ⌺ Hamiltonians ͑Table III͒; as expected, each has a slightly larger rotational constant than the ground state. With the exception of D for the state with Bϭ11,011.9 MHz, the other molecular constants are similar in magnitude to the ground state; D in that state is much smaller than for any other state in HCCN-it differs from the ground state value by roughly 30%.
The DCCN spectroscopic constants ͑Table IV͒ are similar to those of HCCN, except that B, which is nearly constant for the ground vibrational state, 5 Ϯ1 , 2 5 Ϯ2 , and 3 5 Ϯ3 in HCCN, increases by about 0.15% for each step in l. Such an increase with l in rotational constant is often observed in linear molecules, because increased bending usually causes the moment of inertia about the intermediate axis to decrease, resulting in a larger value of B ͑negative ␣ e ).Only one lϭ0 state of DCCN has been detected since a limited frequency range of less than Ϯ0.5% relative to the ground state was covered.
IV. DISCUSSION
The energies of the low-lying vibrational states of HCCN and DCCN determined from relative intensities are summarized in Table V , on the assumption that the bending vibrations are in thermal equilibrium with the wall temperature of our cell: about 300 K. The gas-phase infrared intensity-derived results of Morter 11 and the matrix infrared results 26 of Dendramis and Leroi have also been included for comparison.
Energies for the low-lying vibrational states of HCCN derived from the millimeter-wave and gas-phase IR intensity measurements 11 are in good agreement, but the millimeterwave measurements are probably more accurate because the rotational line strengths are known exactly, provided the a-component of the dipole moment is constant as a function of vibrational excitation. The estimated energy of 4 from the two methods agree to within the measurement uncertainties, but for 5 the estimates differ by 42 cm Ϫ1 , possibly owing to the assumption by Morter et al. 11 that the transition moments for ( 1 ϩ 5 Ϫ 5 ) and 1 are the same. 25 The CCH bending frequency is 25-40% smaller in DCCN than in HCCN; as expected, the CCN frequencies are the same (ϳ365 cm Ϫ1 ). The IR matrix data of Dendramis and Leroi 26 can be brought into good agreement with the millimeter-wave intensity measurements if the bands near 400 cm Ϫ1 , originally identified as 4 and 5 , are reassigned. This appears justifiable because the 5 transition lies outside the 200-4000 cm Ϫ1 range of the ir matrix infrared spectrometer and the Ϫ1 in DCCN, is proposed. The small frequency shift of the weak band upon deuterium substitution implies that it has little CCH bending character, while the large frequency shift of the strong band implies a significant contribution from the CCH bend. Therefore, the weak band is reassigned as 4 and the strong band as an lϭ0 state-i.e., either one of the ( 4 ϩ 5 )
Ϯ0 combination modes or 2 5 0 . The energies of these reassigned states, which are shifted by at most р1% relative to the gas-phase values, 27 are in good agreement with those derived from the millimeter-wave intensity measurements. Although the vibrational frequency of the 4 state increases by 35 cm Ϫ1 from HCCN to DCCN, which is impossible in the harmonic approximation, perturbations that shift vibrational energies by tens of wave numbers have been observed in other quasilinear species such as HCNO.
The intensities of the satellite lines in the millimeterwave rotational spectra provide strong evidence that HCCN and DCCN are quasilinear. As shown in Fig. 3 is based on the assumption that the excitation energy of 2 5 0 is either 435 cm Ϫ1 , 525 cm Ϫ1 , or 540 cm Ϫ1 ͑Table V͒. These estimates of ␥ 0 are far from the limits for a linear molecule with a harmonic bending potential (␥ 0 ϭϪ1) or a rigid bent (␥ 0 ϭϩ1) molecule, implying that HCCN is quasilinear.
In HCNO, Bunker et al. 16 showed that the barrier to linearity increases significantly upon excitation of the 1 ͑HCN stretch͒ and 2 ͑CNO antisymmetric stretch͒ vibrations, but the barrier changes only slightly upon excitation of 3 and 4 . By analogy with HCNO, the following additional studies are needed to determine the equilibrium structure of HCCN:͑i͒ assignment of the three lϭ0 states ͑one of which is probably the 2 5 0 state͒, which would allow a determination of the quasilinearity parameter; ͑ii͒ detection of additional pure CCH bending states n 5 ; and ͑iii͒ determination of the energies of the CCH rotational-vibrational levels as a function of excitation of other vibrational modes.
V. CONCLUSION
Rotational transitions from seven low-lying vibrationally excited states of HCCN and five low-lying excited states of DCCN have now been observed at millimeter wavelengths. The evidence from the millimeter-wave data that HCCN is not a normal bent molecule is threefold: ͑i͒ an asymmetric top Hamiltonian fails to predict the pure rotational transition frequencies for higher K a states accurately; ͑ii͒ the rotational energy level pattern of DCCN is qualitatively consistent with the expected pattern for a linear rather than a bent molecule; and ͑iii͒ intensity measurements imply that 5 is 145 cm Ϫ1 above ground, i.e., ϳ4 times higher than derived from the theoretical bent geometry. 10 Although linear molecule effective Hamiltonians adequately reproduce the HCCN and DCCN rotational spectra, intensity measurements indicate that the manifold of CCH bending vibrations is much lower in energy than expected for a well-behaved linear molecule. The quasilinearity parameter ␥ 0 appears to lie in the range Ϫ0.33р␥ 0 рϪ0.07, confirming that the HCCN radical is not a normal bent (␥ 0 ϭϩ1) or linear (␥ 0 ϭϪ1) molecule.
A barrier to linearity of 240 cm Ϫ1 in HCCN and 220 cm Ϫ1 in DCCN, was estimated on the basis of our intensity measurements and the ab initio plus perturbation calculations of Malmquist et al. 1 Ultimately, a determination of the energies of the 5 states as a function of the excitation of other vibrational modes, either by direct detection in the far-infrared and infrared or by optical-optical double resonance, and a simultaneous analysis of the rotational and vibrational energy levels with a semi-rigid bender Hamiltonian, are needed. IR matrix measurements of the energies of the 5 and the lϭ0 states might be a useful step toward gas-phase detection.
